Strengthening due to precipitation of copper and microalloying elements is a phenomenon utilized in the design of some HSLA steels for naval structural applications. In the present work, precipitation of copper and associated property changes during aging of three Cu-containing HSLA steels were investigated. Electrical resistivity change during isothermal aging of one low carbon steel was compared with that for HSLA steels with a view to evaluating the kinetics of copper precipitation in the latter. The results fitted to Johnson-Mehl-Avrami equation indicate that this precipitation occurs in two consecutive stages with activation energy in the range of 114-128 kJ/mol and 64-77 kJ/mol, respectively. These values suggest a dominant role of the high dislocation density of the martensite matrix in the aging process. The peak hardness during isochronal (1 h) aging was observed in the aging temperature range of 500-550°C, whereas Charpy impact toughness was lowest for the samples aged at 450°C. The fractographs of the Charpy specimens were in good agreement with the impact strength measurements, apparently indicating an adverse effect of coherent copper precipitates on the impact properties.
Introduction
Copper containing High Strength Low Alloy (HSLA) steels, typically HSLA-80 and HSLA-100, are of particular interest for large submarine and offshore structures, linepipes, hull of ships, etc. These applications often demand a combination of strength, toughness and weldability. 1) In order to attain the desired properties, several alloying elements, such as Mn, Cu, Ni, Cr, Mo, Nb etc., are added to exploit the benefits from the alloy chemistry. However, for obtaining very high strength level (i.e. 550 MPa in HSLA-80 and 690 MPa in HSLA-100) copper addition plays a crucial role, as it contributes to strength through the precipitation hardening process. 2, 3) The amount of copper precipitating as well as its size and morphology govern the properties of the copper bearing steel.
Although the precipitation of copper in iron base systems has been studied by several investigators [4] [5] [6] [7] [8] [9] only a few reports [10] [11] [12] are available on the precipitation of copper in HSLA steels i.e. in a multi alloying environment. Various techniques such as hardness measurements, TEM, FIM, SANS [6] [7] [8] [9] and so on have been used for these studies but these tools are inadequate to study continuously the phenomenon of copper precipitation and estimate the amount of copper precipitates at various temperatures. Measurement of electrical resistivity continuously as a function of temperature and time is an effective means of studying the kinetics of precipitation in steel. This tool has been used for a few elements in steels [13] [14] [15] [16] but none has used to study the precipitation of copper in HSLA steels where complex alloying environment prevails.
The present study attempts to gain a deeper insight into the precipitation process of copper and associated change during aging.
Experimental
Three varieties of HSLA steels (S1, S2 and S3) supplied by the Naval Research Laboratory, USA, in plate form (32-50 mm thick) were used for the present study. The plates were 50 mm thick for S1 and S3, and 32 mm for S2 steel. One low carbon steel (LCS) produced by Tata Steel company as transfer bar (25 mm thick) was also used in this investigation. The chemical compositions of the steels were analyzed by optical emission spectroscopy method and are reported in Table 1 . The composition of the S1 and S2 steel falls in the category of the HSLA-100 steel, whereas the steel S3 is a typical HSLA-80 steel.
For resistivity studies, the samples were machined down to 8 mm diameter rods, then drawn to 0.5 mm diameter wires through successive passes with intermediate annealing at 900°C. The wires were annealed at 900°C in vacuum (1.33ϫ10 Ϫ4 Pa) for 1 h and slowly cooled in the furnace. The annealed wires of approximately 100 mm length were placed in the quartz capsules, which were repeatedly flushed with argon and evacuated. The sealed capsules were heated to 900°C, held at that temperature for 1 h and quenched in water. Wire samples of approximately 20 mm length were taken as the specimen and welded to the sample holder of the resistivity apparatus (Sinko-Riko, model TER-2000 RH). The quenched wires of the HSLA steels were heated to different aging temperatures (T A ) ranging from 450 to 700°C in the resistivity apparatus at a heating rate of 0.33°C/s under vacuum. The specimen was held at each aging temperature for a period of 3 h. The resistivity (r) was continuously recorded during heating, as well as, during subsequent isothermal holding. Resistivity of the quenched LCS was also continuously recorded at two aging temperatures i.e., 450 and 650°C.
Samples for hardness measurements, and standard Charpy impact tests were cut from plates of all three HSLA steels. These samples were austenitised at 900°C for 1 h and quenched in water. The quenched samples were then aged at various temperatures (450 to 700°C) for 1 h and cooled in air. Steel S1 was aged for various time periods at different temperature. Hardness was measured by a Vickers's hardness tester using 30 kg load. Charpy impact tests were carried out using standard V-notch transverse specimens. Fractured surfaces of some selected specimens were examined for fractography by a JEOL (model JXA-6400) Scanning Electron Microscope.
Results
The resistivity change of the quenched low carbon steel during isothermal aging at T A ϭ450 and 650°C is displayed in Fig. 1 . During aging at 450°C, the resistivity decreases rapidly and then it becomes almost constant. At T A ϭ650°C, however, the resistivity manifests a gradual increase after a sharp fall in the initial period. After about 2 h of aging at this temperature, the resistivity value seems to approach a plateau. The r-time plot for one HSLA steel (S1) at T A ϭ450-550°C is presented in Fig. 2 , whereas at T A ϭ650 and 700°C is shown in Fig. 3 . The plot in Fig. 2 shows that the resistivity initially declines with time up to a certain period and then it eventually becomes almost constant. At higher temperatures (650 and 700°C), initial fall was observed however there was an appreciable rise in the resistivity before it assumed a constant value at very long time. All Table 1 . Chemical compositions of HSLA and plain C steels (in wt%). the three steels showed a similar pattern. The variation of hardness of the S1, S2 and S3 steels as a function of T A during isochronal aging (1 h) is shown in Fig  4. All three HSLA steels behaved in a similar manner. The hardness increases with T A , reaches a peak and then continues to fall. The aging temperature corresponding to the peak hardness of S1 steel was 500°C, whereas for S2 and S3 steels it was 550°C. The magnitude of the peak hardness attained in case of S1 steel was higher by about 20 HV and 65 HV than that for S2 and S3 steels, respectively. The hardness as a function of aging time at T A ϭ450-550°C for S1 steel is shown in Fig. 5 . It is observed that the hardness initially shows a marginal fall following which it rises gradually to a peak before it declines and approaches nearly a constant value at longer times. The magnitude of the peak hardness value for T A ϭ450°C appears to be the highest and it decreases with the rise in T A . The aging characteristics at higher temperatures are somewhat different. The variation in hardness of S1 steel with aging time for T A ϭ600, 650 and 700°C is plotted in Fig 6. It is observed that during aging at 650 and 700°C, the hardness decreases monotonically with time. In contrast, aging at 600°C initially causes a slight increase in hardness, after which, it decreases monotonically (Fig. 6) .
Results of the Charpy impact test show that aging for 1 h at 450°C caused a pronounced decrease in the impact value, while at higher T A up to 650°C a steady increase of impact strength occurred (Fig. 7) . However, at still higher T A a fall in the impact strength was noted. To investigate the fracture behavior of the samples aged at different T A , the fractured surfaces of the Charpy specimens were examined by SEM. The fractographs of S1 and S3 steel samples aged at 450°C for 1 h are shown in Figs. 8(a) and 8(b) respectively. The fracture surface of S1 steel exhibits a predominantly cleavage fracture as against the mix mode of fracture for S3 steel. The fracture behavior of the S1 and S3 steel samples aged at 550°C for 1 h is displayed in Figs. 8(c) and 8(d). It reveals a mix mode of fracture for S1 steel and a predominantly dimple mode of fracture for S3 steel. The SEM fractographs of the S1 and S3 steel samples aged at 650°C is presented in Figs. 8(e) and 8(f). In this case, a ductile mode of fracture for both the steels is evident from the presence of dimples in the fractured surface.
Discussion

Resistivity
In HSLA steels, the resistivity gradually decreases with aging time and finally assumes a constant value for T A ϭ 450-550°C (Fig. 2) . Low carbon steel follows the same trend at T A ϭ450°C (Fig. 1) . In case of LCS, the decrease in resistivity may be ascribed to the tempering process whereas in HSLA steels, it may be attributed to the combined effects of tempering and copper precipitation. The t 0.95 (time for Yϭ0.95, where Yϭ(r 0 Ϫr t )/(r 0 Ϫr m ); r 0 is the resistivity at time tϭ0, r t ϭresistivity at time t, and r m is the mini- mum value of resistivity) was assumed to be the period when the underlying process (tempering/precipitation) is complete and it was estimated from the resistivity data for HSLA as well as LCS. For S1 steel, t 0.95 was found to be 140, 80 and 40 min at T A ϭ450, 500 and 550°C, respectively as against 120, 110 and 50 min for S2 steel and 200, 150 and 80 min for S3 steel. In case of LCS, t 0.95 at T A ϭ450°C was estimated to be 8 min.
It indicates that the tempering process needs a short period (8 min at 450°C in LCS) as compared to copper precipitation (120-200 min at 450°C in HSLA steels). It is as expected since the copper precipitation would need higher activation energy compared to the conventional tempering process.
Evaluation of Kinetics of Tempering and Kinetics
of Copper Precipitation during Aging An attempt was made to evaluate the kinetics of tempering in the low carbon steel and the results were applied to the present HSLA steels to eliminate the contribution of tempering during aging for deriving the kinetics of Cu precipitation. The fractional decrease in the resistivity in LCS, Y tem , which represents the extent of tempering at a given time was evaluated and a relation between Y tem and aging time was obtained at various temperatures as shown in Appendix 1.
The Johnson-Mehl-Avrami empirical rate equation, [17] [18] [19] 
Yϭ1Ϫexp[Ϫ(kt)
n ], where, kϭthe empirical rate constant, tϭtime and n is a constant, was used for analyzing the isothermal resistivity data. After eliminating the effect of tempering, the fractional decrease in the resistivity, Yϭ (r 0 Ϫr t )/(r 0 Ϫr m ), can be considered proportional to the amount of copper precipitation. The values of Y were plotted as a function of time for T A ϭ450, 500 and 550°C and displayed in Fig. 9 . The function log log[1/(1ϪY )] was evaluated as a function of log t (Fig. 10) . At all the temperatures, the plots exhibit two linear segments in case of all three steels. The slope in both the stages at different temperatures evidences the reaction to be isokinetic having activation energies in the range of 114-126 and 64-77 kJ/mol, respectively.
The activation energy in the first stage may be associated with the diffusion of Cu in ferrite when tempering is simultaneously occurring and the value is much lower than that for the diffusion of copper in ferrite (284 kJ/mol). 20) Dong and Yong 21) have also reported low activation energy (140 kJ/mol) during the aging of the Cu bearing steel. Le May and Krishnadev 22) studied the kinetics of aging in a steel containing 2 wt% Cu and reported an activation energy of 167 kJ/mol in the temperature range of 425-500°C, which also agrees closely with the values of 162 kJ/mol reported by Hydrean et al. 23) for Ni-Cu-Nb steel. The activation energy of copper precipitation during aging obtained in the present analysis has been compared with the data reported in the literature [25] [26] [27] and shown in Table 2 . Krishnadev 25) suggested that the lower activation energy might be due to the enhanced diffusion rate in matrix due to the high dislocation density and in that case nucleation rate might determine the precipitation kinetics. The high density of dislocations in as-quenched lath martensite matrix of the present HSLA steels 25) may also account for the low value of activation energy (114-126 kJ/mol) necessary for the short circuit diffusion.
The unusually low value of empirical activation energy in the second stage of the precipitation is apparent from the plots in Fig. 10 . This process may be related with the tempering in the alloy steel assisted by lattice defects. It may be pointed out that the volume diffusion of carbon in ferrite (80 kJ/mol) 26) is marginally higher than the activation energy observed for the second stage (64-77 kJ/mol).
Estimation of Copper Precipitation during Aging
To estimate the decrease in resistivity due to copper precipitation alone in the HSLA steels, the resistivity drop in the low carbon steel (LCS) due to tempering was subtracted from that of the HSLA steels at each temperature. The remnant decrease in the resistivity was assumed to be due to the precipitation of copper alone. It is expected that a part of copper will precipitate out during heating and the remaining during the isothermal aging period. Using the effect of copper on the resistivity and equilibrium solubility of copper in iron, 27, 28) the percentage of copper precipitated during heating as well as during isothermal aging was calculated for all three steels and shown in Table 3 . A typical calculation is presented in Appendix 2. As expected, the amount of copper precipitation during heating increased with the increase in the temperature, whereas the amount of copper precipitation decreased during isothermal aging with rise in T A . For example, in case of S1 steel, the amount of copper precipitation during heating to 450, 500 and 550°C was estimated as 0.98, 1.1 and 1.6 wt%, respectively, while during aging at these temperatures, the amount of copper precipitation was 0.99, 0.81 and 0.29 wt%. It is interesting to note that the estimated amount of copper precipitation during heating matches well with that determined from the resistivity measurements during continuous heating on these steels reported elsewhere. 25) It is also observed that amount of copper precipitation during heating as well as during aging varies with the composition of the steel. The amount of Cu precipitation in S3 steel was lower in both the stages i.e. during heating as well as during isothermal aging than that of the S1 or S2 steel (Table 3) . It is possibly because of the lower amount of Cu in S3 steel.
Resistivity Behaviour at Higher Temperature of
Aging At higher aging temperatures (650 and 700°C), the resistivity rises with aging time after an initial fall (Fig. 3) , whereas the hardness decreases continuously (Fig. 6) . The decrease of hardness is believed to be associated with the coarsening as well as some dissolution of copper precipitates. The dissolution of copper appears to be one reason for the rise in resistivity. Further, the magnetic transition concurrently occurring with the transformation also contributes to this increase. However there could be second order influences on the resistivity values due to the presence of point defects i.e. vacancies.
Mechanical Properties
The hardness vs. aging temperature (T A ) plot in Fig. 4 shows a rise and then a fall in the hardness value with the increase in the aging temperature for all three steels. The increase in the hardness is believed to be associated with the formation of fine copper precipitates. Fine copper precipitates in Cu bearing steels have been reported to increase the hardness and strength by several investigators. 2, 3) During aging of the quenched steel, two phenomena are expected to occur together i.e. tempering process and copper precipitation. The tempering is associated with the annihilation of dislocations and precipitation of carbides resulting in a fall in hardness. The copper is expected to precipitate out during aging forming fine copper precipitates causing a rise in hardness value. It is reported that the hardness reaches its maximum level when the precipitate is of critical size. 7, 29) The aging temperature corresponding to the peak hardness for S1 steel is lower by around 50°C than that for S2 and S3 steels, whereas the magnitude of the peak hardness of S1 steel is higher than that of S2 and S3 steels. The higher value of peak hardness for S1 steel may be attributed to the higher amount of Cu in S1 steel.
The fall in the hardness value for T A Ͼ500°C for S1 and above 550°C for S2 and S3 steels (Fig. 4) is believed to be associated with the overaging phenomenon as in the classical age hardening systems. In copper bearing steels, copper rich clusters (one or two atoms thick) form. They are coherent with the matrix and cause elastic strains. The cluster formation occurs by a short-range diffusion of copper in a quenched material. As the temperature increases, the clusters disappear and the intermediate phases form before they re-dissolve in the matrix.
9) The hardness is maximum when the precipitate is semi-coherent and of a critical size. The critical size of copper precipitates in Fe-Cu steel is reported to be 2.4 nm 7, 29) when the hardness attains its maximum. It Table 3 . Estimation of the amount of copper precipitation during heating and isothermal aging at various temperatures from resistivity data.
seems that the size of the precipitates plays a significant role here. The fall in the hardness above 500°C/550°C is associated with the formation of coarser Cu precipitates. The hardness vs. aging time plot for T A ϭ450-550°C initially shows a marginal fall, then it rises, reaches a peak and falls at longer time. The initial decrease in hardness may be attributed to the tempering of the martensite at low aging temperature (Յ500°C). The increase in the hardness in the next stage may be due to the age hardening by the copper precipitation. The increase in hardness and strength due to copper precipitation has been well documented by previous authors. 2, 3, 9) For example, Ghasemi et al. 2) have reported the hardness as a function of aging time in different initial microstructure of 1.1 wt% copper steel. The initial decrease in hardness was interpreted by the tempering process. However, TEM work conducted on the S1 steel reported elsewhere 29) revealed the presence of fine copper precipitates in S1 steel sample aged at 450°C leading to the peak hardness value; but the samples aged at 650°C revealed coarser precipitates. In over aged condition at 650°C, Ghasemi et al. 2) have also observed the coarse precipitates, which were easily detectable by TEM. The coarsening of the precipitates seems to be responsible for the fall in hardness at higher T A i.e., 650-700°C (Fig. 4) . It is also observed that the time to reach the peak hardness value decreases with the increase in T A . It is interesting to note that the time to achieve the minimum resistivity follows the same trend (Fig. 2) . In fact, the time to reach the peak hardness value at given T A is of the same order of magnitude as the time corresponding to minimum resistivity indicating a similar underlying process. In the over-aging period, the hardness decreases (Fig. 5 ) due to coarsening of copper precipitates, whereas during that period the resistivity is almost constant (Fig. 2) as there is no further change in the solute content.
An abrupt fall in the impact strength after aging of the quenched HSLA steels at 450°C has been observed here (Fig. 7) . It is plausible that the formation of coherent Cu precipitates makes the steel brittle 25) that causes the decrease in the toughness values. The harmful effect of coherent precipitates on the toughness has been dealt with by Leysen et al. 30) for the microalloyed steel and by SkoufariThemistou et al. 31) in C-Mn-Al-Cu steel. The toughness values increase beyond the aging temperature of 500°C, reach a peak at 650°C and again decrease slightly at 700°C. The change in the toughness behaviour is believed to be due to the transformation from semi-coherent to incoherent precipitates. The coexistence of coherent and incoherent precipitates in 5%Ni-2%Al steel has been reported to prevent the local strain concentration and early cleavage fracture. This was believed to be due to the fact that the coherent precipitates strengthened the matrix, while the incoherent precipitates increased the strength as well as toughness of the material. Skoufari-Themistou et al. 31) also reported that the incoherent precipitates increased the strength without affecting the impact property. Indeed, a small improvement in the toughness was also observed. In the present case, a large increase in the impact properties for T A ϭ 650°C (from approximately 160 J for a quenched sample to 200 J for the aged samples of all three steels) was observed. Fractography studies by SEM also indicate a change in the fracture behaviour from cleavage/mix mode to dimple mode of fracture with the rise in aging temperature from 450 to 650°C (Fig. 8) , which is in good agreement with that of the impact properties.
Conclusions
Isothermal aging of HSLA steel in the temperature range of 450-550°C seems to occur in two stages. The first stage, presumably associated with copper precipitation, has activation energy in the range of 114-126 kJ/mol, which is much lower than that for diffusion of copper in ferrite (284 kJ/mol) apparently indicating the dominant influence of high density of dislocation in the quench matensite matrix on the diffusive mass transfer during aging. In the second stage, the lower activation energy (64-77 kJ/mol) may be ascribed to the diffusion of carbon in ferrite during tempering of the HSLA steel in presence of the lattice defects. The peak hardness during isothermal aging was achieved in the aging temperature range of 500-550°C, whereas the toughness of the steel was found to be lowest for T A ϭ450°C. The hardness decreases with the increase in T A , while a sharp rise in the toughness value was observed with the increase in T A from 450 to 650°C. Fracture surface examination by SEM reveals a change from cleavage/mix mode to dimple mode of fracture with the increase in aging temperature, which is in conformity with the results of impact property measurements.
